We present time-domain transmission imaging of an opaque structure in pork-fat tissue obtained with a terahertz (THz) f ield sampling technique. Compared with imaging with near-infrared pulses, the terahertz sampling technique shows significantly enhanced contrast, as a result of low scattering. For enhanced spatial resolution, we show mid-infrared THz imaging of onion cells. Water absorption of THz pulse in muscle tissues is discussed. 
Time-domain imaging with a nonionizing source has been explored extensively as a method for imaging changes in human tissue. In optical transillumination techniques that use near-IR pulses, 1,2 large amounts of scattering can spatially smear out the objects to be imaged. Thus it has been suggested that scattering can be explored by use of coherent light with a long wavelength, e.g., an imaging technique that uses terahertz (THz) pulses. With the rapid development of THz time-domain spectroscopy, THz imaging 3, 4 has begun to attract considerable attention.
In this Letter we present a study of time-domain transillumination imaging with a THz pulse of a metal structure embedded in pork-fat tissue in which we concentrate primarily on scattering. THz imaging is compared with the optical time-gated technique. The results clearly show low scattering of the THz pulse in the fat tissue, yielding higher contrast with the metal object. Furthermore, we show improved spatial resolution at a higher frequency of 10 THz, permitting imaging of cells in an onion membrane. The issue of water absorption in muscle tissue is also addressed. Figure 1 shows the schematic setup for THz transillumination. Femtosecond near-IR optical pulses centered at 800 nm are derived from a mode-locked Ti:sapphire oscillator. For the generation of a mid-IR THz pulse we use an oscillator with a pulse duration of 15 fs. We generate THz pulses by optical rectification in a nonlinear crystal by focusing a portion of the optical beam. We use a pair of paraboloidal mirrors to collimate and focus the THz beam on a sample. The sample can be moved in the plane perpendicular to THz beam by an x y computer-controlled translation stage. Another pair of paraboloidal mirrors collects the transmitted pulse and focuses it onto a ZnTe sensor crystal. A weak portion of the optical beam is collinearly combined with the THz beam after a pellicle film. We obtain a THz waveform by recording the polarization rotation of this beam at an intensity induced by the THz transient in the sensor. Fat tissue is chosen as the biological sample because it will yield high THz transmission with a weak THz source. Figure 2 shows the time-resolved waveforms of a THz pulse transmitted through 0.5-mm fat tissue and the reference pulse. The THz pulse shows a phase shift, broadening, and amplitude attenuation after the tissue. The phase shift results from the average index of refraction of the sample, whereas the broadening is caused by dispersion and frequency-dependent attenuation. The total attenuation coeff icient is less than 10 cm 21 at sub-THz frequency. To compare THz transillumination with the coherent optical technique we perform an optical time-gated experiment using frequency upconversion. 5 The femtosecond optical pulses are derived directly from the laser. A 1-mm b-barium borate crystal is used for the sum-frequency mixing of a transmitted pulse through the fat tissue and a gating pulse. Because the gating is decided by the interference with the reference pulse, only coherent ballistic photons contribute to the imaging contrast. The measured ballistic attenuation coefficient 6 of 72 cm 21 is much higher than the absorption coeff icient of 0.07 cm 21 reported in Ref. 7 , indicating a dominant scattering effect in the near IR.
To compare the imaging performance of the two setups, we scan a metal letter Z embedded in 1.5-mm pork fat. The letter has an overall size 2 mm 3 2 mm, with a linewidth of 0.3 mm. Figure 3 shows the images from both measurements. With a lock-in time constant of 0.3 s, the scanning of a 100 3 100 image takes ϳ1 h. The THz image reveals a signif icantly higher contrast than that for which the near-IR pulse was used. We compare the photon numbers used in the above experiments because photon statistics is a determining factor in imaging through turbid media. From the THz field distribution, we calculate the THz pulse energy to be ϳ6 fJ (i.e., 0.5-mW average power), corresponding to a THz photon number of less than 10 5 in one pulse. In contrast, 25 mW of power is used for the optical imaging, with ϳ10 9 photons in one pulse. Thus a THz pulse has a photon number that is 4 orders of magnitude smaller than the optical pulse. The inhomogeneity of the sample can affect the image by shifting the time delay of the transmitted pulse, as shown in the slightly different intensity distribution in the image.
The difference in imaging contrast can be understood from wavelength-dependent scattering. 8 When the size of a scattering object is much smaller than a wavelength, Rayleigh scattering with a dependence on the inverse fourth order in wavelength will dominate, whereas Mie scattering will dominate with an approximate inverse second-order wavelength dependence at shorter wavelengths. In a biotissue, we expect that Rayleigh scattering will be the major contributor to a THz pulse, whereas Mie scattering will become more important for an optical pulse. Thus its longer wavelength makes a THz beam less scattered than an optical beam. Hence a deeper information depth can be achieved with a THz beam.
Along with the demonstration of the imaging ability of the THz technique, it is intriguing to explore for enhanced spatial resolution by increasing the THz frequency, which is still far below the optical near IR. A typical mid-IR pulse from our measurement has a main spectral distribution near 10 THz ͑l 30 mm͒ with a frequency component up to 40 THz ͑l 7.5 mm͒. measure the THz beam waist diameter to be 55 mm by scanning a razor blade across the focal plane at a fixed time delay. The Rayleigh length is ϳ300 mm, which compares favorably with THz near-f ield imaging, whose resolution is approximately the sum of the aperture size and the tip -sample distance. 10 The spatial resolution can be illustrated by scanning an array of holes 50 mm in diameter in a metal plate. It is worth addressing the issue of water absorption at the THz frequency in biotissues. Although our results are promising aspect in terms of scattering, attenuation as a result of water absorption is high in water-rich tissues. We measured the THz transmission of a 0.5-mm pork-muscle tissue. The total attenuation coefficient of the muscle is plotted in Fig. 5 . Compared with those for the absorption of pure water, 11 the coeff icients are 1.5 and 2 times lower at 1 and 0.2 THz, respectively. This implies that the assumption of attenuation of tissues based on pure water can be misleading. Because the results presented here were obtained with an extremely weak THz pulse, a stronger THz source and enhanced detection sensitivity should provide more-promising results.
In conclusion, we have used a coherent time-domain transillumination technique for THz imaging in porkfat tissue. A comparative investigation of THz and near-IR techniques was performed. With respect to scattering, THz imaging shows a signif icant enhancement of imaging contrast in comparison with the optical technique. We demonstrated enhanced spatial resolution by imaging onion cells with a mid-IR THz pulse.
